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The statistical hadronization model successfully describes the yields of hadrons and light nuclei from cen-
tral heavy ion collisions over a wide range of energies. It is a simple and efficient phenomenological frame-
work in which the relative yields for very high energy collisions are essentially determined by a single model
parameter—the chemical freeze-out temperature. Recent measurements of yields of hadrons and light nuclei
covering over 9 orders of magnitudes from the ALICE collaboration at the LHC were described by the model
with remarkable accuracy with a chemical freeze-out temperature of 156.5± 1.5 MeV. A key physical question
is whether (at least to a good approximation) the freeze-out temperature can be understood, literally, as the
temperature at which the various species of an equilibrated gas of hadrons (including resonances) and nuclei
chemically freeze out as the model assumes, or whether it successfully parametrizes the yield data for a differ-
ent reason. This paper analyzes the yields of weakly-bound light nuclei—the deuteron and the hypertriton—to
probe this issue. Such nuclei are particularly sensitive to assumptions of the model because their binding ener-
gies are at a scale far below both typical hadronic scales and the freeze-out temperature. The analysis depends
only on outputs of the statistical hadronization model, known hadronic properties and standard assumptions of
kinetic theory while making no additional dynamical assumptions about the dynamics of heavy ion collisions.
The analysis indicates that a key assumption underlying the model—that hadrons (and nuclei), just prior to
chemical freeze-out temperature, are in thermal equilibrium and are sufficiently dilute as to have particle distri-
butions accurately described statistically by a nearly ideal gas of hadrons and nuclei with masses given by their
free space values—appears to be inconsistent with the chemical freeze-out temperature output by the model, at
least for these weakly-bound nuclei. Implications of this analysis for the interpretation of parameters extracted
from the model are discussed.
I. INTRODUCTION
The statistical hadronization model (SHM) is a very simple
and remarkably successful phenomenological description of
the yields of stable hadrons in central relativistic heavy ion re-
actions [1]. In this paper “hadron”, when used without further
explanation, connotes light nuclei (d, 3He, the hypertriton and
4He) as well as stable hadrons, pions, kaons, nucleons, Lamb-
das, etc. and unstable hadronic resonances such as ρ, ω and ∆.
Similarly, “stable” indicates stability with respect to strong in-
teractions (regardless of stability with respect to electro-weak
decays).
The model assumes that following the creation of a quark-
gluon plasma, the system cools and becomes an equilibrated
hadronic gas with a volume that expands, further cooling the
system. In this hadronic regime, the system is modeled as
an ideal gas of various species of hadrons—both stable and
unstable—following a thermal distribution at a temperature
which is taken to be constant over the relevant volume. The
masses of all hadrons are taken to be their free-space empir-
ical values, and given the ideal gas assumption, the interac-
tions between hadrons are assumed to be encoded solely by
the existence of resonant states. Thus, for example, pion-pion
interactions are neglected except to the extent two pions can
resonate into an f0, a ρ etc.
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The SHM assumes that as the system cools further, a chem-
ical freeze-out temperature is reached. Beyond this point all
of the stable hadrons are assumed to keep their identities, and
all of the unstable hadrons are assumed to keep their identi-
ties until they decay into stable hadrons with branching ra-
tios given by their free space values. Thus the yields of sta-
ble hadrons (including light nuclei) are modeled as the so-
called “primordial yield” plus the number of hadrons of the
given type that come from the decay of higher mass unsta-
ble hadrons. The yields are fit by three basic parameters—
the chemical freeze-out temperature (Tcf ), the volume of the
hadronic gas at freeze-out (Vcf ), and the baryon chemical po-
tential (µb), which accounts for differing yields of baryons
and antibaryons due to the baryons in the initial state. At high
collision energies µB is expected to become insignificant—
and it does, empirically—and there are effectively only two
free parameters. Moreover, if one focuses on the relative
yields of the different species as opposed to the absolute
yields, Vcf is irrelevant; therefore, at high collision energies
the relative yields effectively depend on a single parameter—
the temperature Tcf .
The model has proven to be remarkably successful:
• The yields of hadrons and nuclei are well reproduced
by the SHM [2–8].
– The yields for recent Pb-Pb collisions at
√
SNN =
2.76 − 5.02 TeV (where the subscript NN indi-
cates per pair of colliding nucleons) measured at
the Alice detector at the LHC are well-reproduced
in the model with Tcf = 156.5 ± 1.5 MeV, µb =
0.7 ± 3.8 MeV and Vcf = 5, 280 ± 410fm3 for
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2pi±, K±,Ks0 ,φ, p p, Λ, Λ, Ξ, Ξ, Ω
−, Ω
+
, d, d,
3He, 3He, 3ΛH,
3
ΛH,
4He and 4He [1]. (The yields
of the Λ and Λ include the yields of the Σ0 and
Σ
0
, which decay electromagnetically into Λ and Λ
respectively and cannot be separated experimen-
tally.)
– These well-predicted yields cover 9 orders of
magnitude.
– Typical predicted yields are within 20% of the
measured value for well-determined experimental
yields and within error bars of the experimental
yields for less well-determined ones. Note that
20% errors correspond to less than 0.1 orders of
magnitude, which should be compared to the 9 or-
ders of magnitudes over which the yields range.
– A separate fit to the light nuclei only yields Tcf =
159±5 MeV—which is consistent with the overall
fit.
• The model has worked well in fitting yields over a wide
range of collision energies.
– It has successfully modeled yields from relatively
low energy reactions at
√
SNN = 2.7 – 4.8 GeV
(Brookhaven AGS) through the range
√
SNN =6.2
– 17.3 GeV (CERN SPS) and
√
SNN = 70 – 200
GeV (RHIC) to the very high energy collisions at
the LHC (
√
SNN = 2.76 – 5.02 TeV).
– The extracted chemical freeze-out temperature,
Tcf , grows from ∼ 65 MeV at the lowest energies
to ∼ 155 MeV at LHC energies. Tcf increases
with increasing
√
SNN , but saturates to ∼ 155
MeV. µB decreases with increasing
√
SNN and
becomes negligible by SPS energies [1, 9–15].
The need to understand what the model tells us about QCD
has become acute with recent measurements at the LHC [2–
8]. The agreement of the particle yields with the model allows
one to track Tcf as a function of beam energy for various ex-
periments. The results at the LHC imply that the model con-
tinues to work phenomenologically over a much larger range
than previously seen. The saturating behavior of Tcf can be
taken as a way to decode the “phase structure” of QCD1.
The key observation is that Tcf extracted by the model ap-
pears to be saturating at large beam energies, and Tcf obtained
from LHC results can be regarded as the asymptotic value. It
is useful to compare the fit of the chemical freeze-out temper-
ature, Tcf = 156.5 ± 1.5 MeV, to estimates of the cross-over
temperature—the temperature characterizing the region where
a hadronic description goes over to a quark-gluon plasma de-
scription. One way to characterize this is via the“pseudo-
critical temperature” associated with the chiral susceptibil-
ity. Lattice studies of the pseudo-critical temperature yield
1 Given that there is no actual phase transition at the low chemical potentials
seen at the LHC, it is strictly more accurate to say that the model is being
used to study the structure of the different qualitative regimes–the high T,
quark-gluon plasma and the low-T hadronic gas.
Tc = 154 ± 9 [16] and 156 ± 9 MeV [17, 18] which, re-
markably, is consistent with the extracted chemical freeze-out
temperature.
This is noteworthy since it suggests that if Tcf in the model
truly represents a physical chemical freeze-out, then at suf-
ficiently high energies the system essentially hadronizes, all
hadronic species equilibrate, and then the system freezes out
chemically before it cools noticeably below the cross-over
temperature. Such a scenario is quite striking: the tempera-
ture characterizing the cross-over from a quark-gluon regime
to a hadronic regime is an equilibrium thermodynamic prop-
erty and is logically quite distinct from the freeze-out tem-
perature, whose value depends on far more than equilibrium
thermodynamics—it is fixed by the large-scale dynamics of
the collision.
Provided that the assumptions underlying the model are
valid, this remarkable scenario has strong experimental sup-
port; the SHM summarizes a significant amount of data from
an extremely simple theoretical perspective. The critical ques-
tion is the extent to which this means that the simple assump-
tions on which the model is based are essentially correct.
The underlying basis of the model has been questioned in
the past. The principal concerns have had to do with rec-
onciling the time scales implicit in the model with the stan-
dard understanding of the dynamics in heavy ion collisions in
Ref.[19–22]. A key concern was whether there is enough time
for all of the hadronic species to form and thermally equili-
brate. The notion of a single chemical freeze-out temperature
has also been questioned; multiple chemical freeze-out tem-
peratures were introduced in Ref.[23] to improve the fit.
The approach taken in this paper is somewhat different. We
will take the model at face value and ask whether the assump-
tions the model makes are internally consistent in light of the
experimental results, especially Tcf . For the purpose of do-
ing this we adopt a completely agnostic view on what one
should expect of the dynamics of heavy ion physics. Instead
we concentrate on the properties of the equilibrated hadronic
gas that is assumed to form by the model. As will be shown,
some of the model assumptions about that gas do not appear
to be internally consistent with Tcf given by the fits to ex-
periment. This raises critical questions about what the phe-
nomenological successes of the model teach us about the un-
derlying physics.
To probe the internal consistency of the description of the
hadron gas in the model we focus on the yield of weakly
bound light nuclei–the deuteron (D) and hypertriton (3ΛH).
The concentration on light nuclei is in part because much of
strength of the phenomenological evidence for the success of
the model rests on the yields of the light nuclei. Of the 9 or-
ders of magnitude in yields predicted, 5 orders of magnitude
are due to the light nuclei. Moreover the yields of the light
nuclei are, in their entirety, “primordial” (i.e. not from reso-
nances) so to the extent that model is correct, they probe the
equilibrium condition prior to chemical freeze-out assumed
in the model much more directly than pions, kaons, protons,
Lambdas, or cascades.
The light nuclei are important for another reason: as argued
in Ref.[1], the success in describing yield of light nuclei in the
3SHM is taken to be a signature of a statistical formation rather
than due to a coalescence of baryons. The argument is that in a
coalescence picture the yield depends on the square of nuclear
wave functions which vary widely between the various nuclei
[24–26]. Such a view is not universally accepted. Variants of
the coalescence model can describe the yields of light nuclei
well (for example Ref.[27]) but such models require more pa-
rameters than the SHM. This paper’s focus, however, is not
on the coalecense model; its sole purpose is to investigate the
self-consistency of the SHM.
On the other hand, there is an a priori reason to suspect
that light nuclei could be problematic in light of the model as-
sumptions: they are all extremely weakly bound compared to
the relevant scales in the dynamics associated with maintain-
ing thermal equilibrium. As will be seen, these small bind-
ings ultimately point to serious inconsistencies with key as-
sumptions of the model. As documentation of these issues is
straightforward for the most weakly bound nuclei, this paper
focuses on these.
The fact that yields of weakly-bound light nuclei are well
described in the model despite violating apparently central as-
sumptions suggests that critical assumptions could also be vi-
olated for the more plentiful hadrons despite reproducing their
yields phenomenologically. Whether this is true is critical be-
cause it goes to the heart of what one learns from this model.
A key question is why the model works as well as it does phe-
nomenologically in spite of these inconsistencies. The con-
cept of partial chemical equilibrium has been studied recently
in Refs.[28–30] and addresses the issue.
This paper focuses on the experiments at LHC and the anal-
ysis of them. However the model has been applied at other√
SNN. Weakly-bound light nuclei have been observed at
lower
√
SNN, for example by the STAR collaboration [31] at
RHIC; this is reviewed in Ref.[32]. The yields of weakly-
bound light nuclei at RHIC were studied with the SHM in
Ref.[33]. In this analysis, the model substantially underesti-
mates 3ΛH/
3He and 3ΛH¯/
3H¯e. In this work, we will not probe
the question of why the model appears to work well for the
light nuclei at LHC energies but not at RHIC energies.
The next section discusses in more detail the assumptions
of the model and attempts to elucidate the implication of some
of these assumptions. A particular stress will be given to the
various time and distance scales that are relevant. The follow-
ing section will detail strategies for bounding the life-times
of various hadrons in the supposed equilibrated gas. Knowl-
edge of these lifetimes is a central ingredient in testing a key
assumption underlying the SHM. Following this will be a de-
tailed analysis of weakly bound light nuclei in a hadronic gas
and a clear demonstration that they violate important assump-
tions underlying the SHM. Finally there will be a discussion
of the implications of these results.
As will become clear in this analysis, the relevant binding
energy need not be the total nuclear binding energy. Rather it
is the minimum energy required to separate the state into two
stable constituents. For the deuteron, this is of course the total
nuclear binding of approximately 2.2 MeV. For the hypertri-
ton it is the separation energy into a Λ and a deuteron. We
will take this to be 0.41 MeV from the recent measurement
by the STAR Collaboration [34]. The separation energy of
hypertriton was previously taken to be 0.13 MeV with large
uncertainties. Since using the smaller value only worsens the
inconsistency we will demonstrate later in the paper, we will
use the recent measurement to give a conservative estimate.
For simplicity of discussion, throughout this paper we will re-
fer to both the separation energy of the hypertriton and the
nuclear binding energy of the deuteron as the “binding en-
ergy” and both will be denoted B. Natural units with ~ = 1,
c = 1, kBoltzmann = 1 will be used regularly in this paper.
However, following norms of the field, we will typically use
MeV to denote energies or temperatures and fm to denote dis-
tances or times. For simplicity we will refer to ∆(1232) as ∆
and Σ(1385) as Σ.
II. ASSUMPTIONS
The Statistical Hadronization Model is extremely simple.
This section discusses the assumptions that would naturally
justify such a simple description of the system. Some of
these are explicit in the model. Others are implicit but are the
natural reasons why one would accept more explicit assump-
tions without further justification. The basic assumptions that
would justify the model are:
1. The system created in relativistic heavy ion collisions
achieves equilibration in a quark-gluon plasma regime.
2. The system then expands and cools below a transition
region and becomes an equilibrated hadronic gas with
the bulk of the system contained in a large volume at a
nearly uniform temperature
(a) In this regime, the system is sufficiently dilute
so that hadrons (including light nuclei) are suffi-
ciently well-separated as to be discernible.
(b) The system is sufficiently dilute so that the rele-
vant properties of the hadronic gas (densities of
each species of hadron, and their momentum dis-
tributions as well as thermodynamic properties
such as energy density and pressure) are well-
approximated by a nearly ideal gas of both sta-
ble and unstable hadrons with masses given by
the zero temperature value. The interactions be-
tween hadrons are assumed to be encoded to good
approximation solely by the existence of resonant
states.
(c) The system is sufficiently dense prior to freeze-out
such that interactions maintain both chemical and
kinetic equilibrium for all species of hadrons.
3. As the system cools further it falls out of chemical equi-
librium with the hadronic species freezing out chemi-
cally
(a) All species of hadrons freeze out at the same tem-
perature to good approximation.
4(b) The yields seen in the detectors are given by the
primordial yields given by the model for stable
species at the freeze-out temperature plus yields
due to the decay of unstable hadrons. Those are
given by the number of those resonances, deter-
mined by the model at the freeze-out temperature,
folded with branching ratios taken to be their free
space values.
(c) the chemical freeze-out temperature depends on
the energy of the heavy ion collisions.
4. Following chemical freeze-out, the system will remain
in kinetic equilibrium with cooling temperatures until
the hadronic species subsequently kinetically freeze-out
and freely stream to the detector.
(a) Unstable hadrons decay prior to reaching the de-
tector into stable hadrons with branching ratios
given by their free space values.
The focus of the present paper is the assumed equilibrated
hadronic gas just before the putative chemical freeze-out with
a principal focus on the weakly-bound light nuclei. Before
turning to the light nuclei, it is worth noting that one highly
nontrivial aspect of the SHM is Assumption 2b. It is by no
means obvious a priori that the interactions between hadrons
should be accurately encoded solely by the existence of res-
onant states, i.e. that a hadron resonance gas (HRG) model
should be valid. Of course, the HRG model will match QCD
at very low temperatures, where QCD matter is a low den-
sity pion gas without substantial contributions from interac-
tions. Moreover, there is evidence based on lattice studies
[16, 18, 35–37] that the HRG model does a good job in re-
producing a key thermodynamic quantity (− 3P ) of QCD at
modest temperatures (up to ∼ 145 MeV) and zero chemical
potential. But above ∼ 145 MeV, applicability of HRG is less
clear. In the remainder of this paper we will assume that the
HRG remains a viable description of the thermodynamics up
to the extracted value of Tcf . It is important to recall, however,
that thermodynamic quantities involve averaging and one can-
not infer from a model’s reasonable thermodynamic success
that it has the microscopic details correct. This is particu-
larly true with regard to the microscopic description of rare
configurations (such as nuclei) which contribute little to the
thermodynamics.
This paper focuses on the description of the equilibrated
matter and in particular the weakly-bound light nuclei in that
matter based on Assumptions 2a, 2b and 2c. It should be clear
that these Assumptions, although implicit in the formulation
of the model, are essential to the description of the equili-
brated matter within the statistical hadronization model. It
will be shown that Tcf given by the model to describe yields
implies the internal inconsistency of the model itself for the
yields of light nuclei.
Note that Assumptions 2a, 2b and 2c are basically the stan-
dard ones of kinetic theory [38]. The physical picture is quite
simple: almost all of the energy in the system is contained in
the mass and kinetic energy for discernible and well-localized
hadrons. Thus, the energy of interaction between the hadrons
symbol quantity
ni density of hadrons of species i
i energy density of hadrons of species i
Ci rate per unit volume for hadrons
of species i to be created in an interaction
Ai rate per unit volume for hadrons
of species i to be destroyed in an interaction
τCi ≡ niCi characteristic time scale for the creation of
species i
τAi ≡ niAi characteristic time scale for the annihilation of
species i
τ int ineli characteristic duration of an inelastic interaction that
creates or annihilates hadron of species i
TABLE I. Some quantities characterizing interactions in a hadronic
gas.
is a small fraction of the total energy. Similarly, the hadrons
spend almost all of their time freely propagating with their
energies fixed by their masses and momenta according to the
standard relativistic dispersion relation. The hadrons occa-
sionally exchange energy with one another in various colli-
sions which enables the system to establish and maintain ki-
netic equilibrium. Sometimes the interactions are inelastic
and change the species of one or more of the hadrons involved.
This allows the system to establish and maintain chemical
equilibrium. Note that “interactions” in this context connotes
the spontaneous decay of an unstable hadron as well as elastic
and inelastic collisions.
Table I identifies a number of quantities that characterize
a putative hadron gas and the interactions that equilibrate it.
It should be clear that these cannot be defined precisely in
QCD. Consider ni, the density of hadrons of species i. Recall
that there is no operator in QCD that measures the number
of hadrons of a particular type, thus the definition of density
is somewhat ambiguous from QCD perspective. However in
order for the model to make sense, the ambiguity implicit in
its definition needs to be small in the sense that the scale of
the ambiguities in the value of the various quantities are small
compared to the value of themselves.
It is important to clarify the meaning ofAi and Ci, the rates
per unit volume for the annihilation and creation of hadrons
of species i. Since the SHM treats all hadrons including res-
onances as separate species, a hadron is considered annihi-
lated when it undergoes an interaction changing it into another
species of hadron. Thus, for example, when a pion strikes a
nucleon converting it into a ∆ resonance the nucleon is con-
sidered to be annihilated. When that ∆ subsequently decays
into a nucleon and a pion, a new nucleon is considered to be
formed.
Of the quantities in Table I, the model directly gives the
5densities, ni and the energy density, i for the various species:
ni =
∫
d3p
(2pi)3
gi
exp
(
β
(√
p2 +m2i − µBBi
))
± 1
(1)
i =
∫
d3p
(2pi)3
gi
√
p2 +m2i
exp
(
β
(√
p2 +m2i − µBBi
))
± 1
(2)
where the plus sign is for fermions and the minus sign for
bosons, gi is the spin-isospin degeneracy factor of species
i, β = 1/T , Bi is the baryon number of the species, 1 for
baryons and -1 for antibaryons). The (small) excluded vol-
ume factor is neglected in these expressions.
Other quantities in Table I are not fixed by the SHM itself.
However, if the SHM is correct, some of the assumptions un-
derlying the model constrain their possible values.
Clearly one constraint on the validity of the SHM is
that the relevant time scales characterizing the chemical
equilibration—τCi , τ
A
i , τ
int inel
i —must all be much shorter
than the life-time of the fireball for all of the species of hadron,
i that contribute. If this were not the case for a given species
of hadrons, there would be insufficient time for that species to
chemically equilibrate prior to freeze-out and thus no reason
to expect Tcf to give the yield for that species. While this is
worth keeping in mind when assessing the SHM, the analy-
sis in this paper is done without any assumptions about the
lifetime of the fireball or other aspects of the dynamics of the
collisions and the conclusions we reach do not depend on any
knowledge of the dynamics.
In order for the model to make sense, there are constraints
on these quantities relating to properties of the putative equi-
librated hadronic gas just prior to chemical freeze-out:
τAi = τ
C
i ≡ τi for all species i (3)
This constraint follows trivially from the assumption of
equilibration. By definition, in equilibrium, the rate at which a
hadron of any species is created is identical to the rate at which
it is destroyed, thus Ai = Ci and Constraint (3) follows given
the definition of τAi and τ
C
i . Intuitively τi ≡ τAi = τCi may be
thought of as the characteristic lifetime of a hadron of species
i in the medium. That is, τi gives the typical time between
when a particular hadron of type i is created and when it is
destroyed.
There are other important constraints that also need to be
satisfied and which pose serious tests of the assumptions un-
derlying the model:
2τ int ineli  τi for all species i (4)
Constraint (4) encodes the need for particles to spend most
of their time freely propagating with their energies fixed by
their masses and momenta according to the standard relativis-
tic dispersion relation, and with their momenta distributed (to
good approximation) according to a thermal distribution for a
non-interacting gas. This constraint is required for Assump-
tion 2b to hold. As noted above, there is an intrinsic ambiguity
in defining the number of particles of any particular type in the
gas and the model is sensible only to the extent that such an
ambiguity is small. Thus, for example, if one considers a pro-
cess in which a pion plus a Lambda goes to a nucleon plus a
kaon, the number of pions is one smaller after this process as
compared to before, as is the number of Lambdas. Similarly,
the number of kaons and nucleons are each one larger after the
process as compared to before. However, while the process is
ongoing it is not clear how many of each of these hadrons
exist–there is an ambiguity. Constraint (4) puts into mathe-
matical form the statement that for the model to make sense,
the ambiguity in the density of particles of a given species
must be small compared to the density itself. Note that there
is no reason for the equilibrium phase-space density to yield
(nearly) ideal gas results independent of the detailed mecha-
nism of creation and annihilation unless this condition is sat-
isfied. The factor of 2 on the right-hand side of Inequality (4)
encodes the fact that time is required both to create the hadron
before it propagates and to destroy it subsequently, and that
there is ambiguity in the number of hadrons of a given type
involved in the reaction during both processes. The time for
the process to destroy the hadron should be the same as the
time to create it since this is the inverse process and the factor
of 2 follows.
Minimally, the Inequality (4) needs to be satisfied for a
species i for the model to be valid for that species. Thus,
to check the consistency of the model it is important to deter-
mine the values of τi and τ int ineli —or at least constraints on
their values.
As it happens, not only is it impossible to determine τ int ineli
directly from the SHM, it also cannot be determined within
the framework of kinetic theory. Indeed, Inequality (4) needs
to be satisfied for kinetic theory itself to be applicable in
the first place. Fortunately, as will be discussed in Sect. IV,
there is a very simple argument based on causality that sets
a stringent—and very conservative—upperbound on τ int ineli
when i is a light nucleus.
III. BOUNDS ON τi FOR NUCLEI IN MEDIUM
The purpose of this section is to provide an upper bound
on τi in medium for light nuclei. Let us focus on the most
weakly bound of these: the deuteron (D) and the hypertriton
(3ΛH). To a very good approximation, in the regime of inter-
est, these can be considered as nonrelativistic bound states
containing two weakly-bound constituents: the deuteron as
a proton-neutron bound state (with a binding energy of 2.22
MeV) and the hypertriton as a bound state of the deuteron and
a Λ (with a binding energy of approximately 0.41 MeV [34]).
The key result of this section is that for a putative equili-
brated gas of hadrons and nuclei at T = 156.5 MeV,
τD < 1.2 fm
τ3
ΛH
< 1.0 fm .
(5)
This result depends on the assumptions underlying the
6SHM plus the input parameters for the model along with the
assumption that interactions between pions and nucleons in
weakly-bound nuclei are well-approximated by the interac-
tions in free space.
One does not need detailed cross-section information to ob-
tain this result (as one would for a full kinetic theory calcula-
tion): the only information needed beyond that which enters
the SHM are the well-determined lifetimes of two resonances:
∆ and Σ. The ∆ and Σ lifetimes play a key role in deter-
mining bounds on the lifetime of nucleons and Λ baryons in
medium (i.e. the characteristic time the a nucleon (Lambda)
survives in medium before converting into another baryon). A
bound on the lifetime of the light nuclei turns out to depend on
those lifetimes. A method to extract the lifetime of nucleons
and Lambdas is described in the next subsection.
A. Hadron lifetimes in medium
In principle, τi for hadrons can be obtained from a kinetic
theory description if the assumptions underlying the SHM are
valid. In particular, provided one knows all of the relevant
reaction rates, kinetic theory allows one to compute A and
C (which are equal in equilibrium) from which τi follows.
It should be noted that in the context of kinetic theory, the
typical lifetime of a hadron of species i will correspond to
the relaxation time—the exponential time constant character-
izing how a system with a small excess or shortage of species
i returns to equilibrium—provided the rate of the dominant
mechanism creating species i is independent of the density of
particle of type i and the rate of the dominant mechanism an-
nihilating species i is linear in its density. In other cases one
expects that the relaxation time will be on a similar scale but
differing by a factor of order unity.
Unfortunately any attempt to implement a full kinetic the-
ory description of the system will be complicated by the
fact that kinetic theory calculations require knowledge of the
cross-sections of the various processes involving all of the
hadrons in the system while, in the context of the SHM, such
hadrons include unstable ones. This means, for example that
to fully implement a kinetic theory description, one would
need to know the cross-sections for reactions involving the
unstable particle (e.g. the cross-section for pi + ∆→ N + ρ)
for which there is no direct experimental data.
To evade this practical problem, we adopt the following
strategy: rather than attempt to compute τi itself, we will at-
tempt to establish an upper bound on it. Using an upper bound
for τi still allows a meaningful test with Condition (4), albeit
a less stringent one than using τi itself: for the SHM to be
valid, Condition (4) needs to hold using an upper bound for τi
in place of τi—since if that test fails, Condition (4) will not be
satisfied.
For hadrons that are unstable in free space it is trivial to
bound τi. Their annihilation rate has two parts, one comes
from spontaneous decays as in free space and the other from
collisions. In a kinetic theory description these two effects are
independent:
Ai = A
collision
i +A
decay
i > A
decay
i (6)
where the inequality follows from the fact that Acollisioni is
nonzero and positive. Since τi = ni/Ai, a knowledge of a
lower bound of Ai translates directly into an upper bound on
τi, and one can obtain the lower bound of Ai by determining
Adecayi . This does not involve a detailed kinetic theory cal-
culation. Adecayi can be determined from the lifetime of the
resonant state in its rest frame (parameterized via its inverse,
the width of the resonance Γi) weighted in the distribution by
1/γ = mi/
√
m2i + p
2 where γ is the time dilation factor.
Thus,
Ai > niΓi〈1/γ〉 > niΓi〈γ〉 = niΓi
nimi
i
(7)
where the second inequality follows from an application of the
Cauchy-Schwarz inequality. Thus iΓinimi is an upper bound
on τi for a resonant state within the model.
Remarkably, if one accepts the assumptions of the SHM,
one can also bound τi from above for hadrons that are stable
under strong interactions. The key point is that one can use
either Ci or Ai to determine τi and whenever a resonance de-
cay yields a stable hadron as a decay product, in the context
of this simple model it is considered as creating that stable
hadron. Thus for a stable hadron
Ci = C
decay
i + C
collision
i > C
decay
i (8)
where the superscript “decay” indicates that the hadron is cre-
ated via the spontaneous decay of a resonant state. Thus,
Ci > C
decay
i =
∑
j
∑
a
Adecayj b
a
jN
a
i > A
decay
k b
c
kN
c
i
> bckN
c
i
Γk n
2
kmk
k
(9)
where j represents a possible resonance that decays into i and
a the decay mode of resonance j, baj is the branching ratio for
resonance j to decay in channel a and Nai is the number of
stable hadrons of type i created in decay channel a; k repre-
sents a particular species of resonance (typically chosen to be
the one with the largest contribution) and c a particular de-
cay channel for resonance k. The second inequality follows
from the fact that contributions from neglected resonances are
manifestly nonnegative and some are nonzero, and the third
inequality again follows from the application of the Cauchy-
Schwarz inequality. Since τi ≡ ni/Ci it follows that
τi <
(
ni
nk
)(
k
nkmk
)(
1
ΓkbckN
c
i
)
(10)
the first factor is the ratio of the densities of the stable hadron
of interest to the hadronic resonance whose decay creates the
particle; the second factor is the average time dilation; the
third factor is the lifetime of the resonance appropriately mod-
ified by the branching ratio and the number of stable hadrons
7of interest produced in the decay channel. One should note
that the branching ratio and number of hadrons of each type
produced in decays are used explicitly in the SHM. The only
additional information needed is resonance width, Γk which
we will take from the PDG [39].
The power of Inequality (10) is illustrated in a bound on the
lifetime of the nucleon in a medium satisfying the assump-
tions of the SHM with the parameters extracted from the re-
cent LHC run (Tcf = 156.5 MeV and µB ≈ 0). We do this
by taking the resonance k to be the ∆ since in the SHM ∆
decays provide a substantial fraction of the nucleons observed
at the detectors. Since there is only one decay mode of the ∆
, ∆→ Npi and that decay yields a single nucleon, bc∆ is unity
as is N cN . Inequality (10) then implies
τN < 2.4 fm . (11)
Assuming that the hadrons get into equilibrium as assumed by
the model, this implies that if a nucleon were to be dropped
intact into the equilibrated medium (with a probability having
momentum p given by the equilibrium distribution) within a
time of 2.4 fm, one could expect a nucleon to be struck by
a pion and convert into a ∆ resonance thereby destroying it
as a nucleon. Of course, since the preceding calculation dealt
with the creation of the nucleon by the decay of a ∆, not its
destruction via the creation of a ∆, but by detailed balance,
the rates must be the same in equilibrium.
An analogous calculation bounds the lifetime of the Λ in
medium, using spontaneous decays of the Σ which decays into
the Λ baryon with a branching ratio of 0.87 [39]:
τΛ < 5.3 fm . (12)
B. Weakly-bound light nuclei lifetimes
The primary focus of this paper is on weakly-bound light
nuclei. One cannot directly use Inequality (10) to get a bound
on τi when i is a nucleus, since the primary way that nuclei are
created in such a medium is not through the decay of a heavy
resonance with baryon number greater than one. However, In-
equality (11) can provide a very strong, albeit indirect, bound:
when a nucleon inside a nucleus is destroyed by becoming a
∆ the nucleus itself is destroyed.
The deuteron and hypertriton are sufficiently weakly bound
that the process that annihilates a nucleon (Lambda baryon)
via pion absorption to create a ∆ (or Σ) should be well ap-
proximated by the analogous process for a nucleon (Lambda)
in free space.
One expects that a scattering process off a constituent will
be approximated well by the free-space scattering process pro-
vided: i) the binding energy is negligibly small compared to
the scale of the energy transfer and other relevant scales and
ii) the two components are sufficiently far apart so that the
incoming particle (in this case a pion) has sufficient momen-
tum to clearly resolve the separate constituents. Condition
i) is clearly satisfied here. Condition ii) requires that in the
rest frame of the composite system, pexternalR  1, where
pexternal is the momentum of the incoming particle (a pion
in this case) and R is the typical spatial size of the quantum
mechanical wave function for the relative separation of the
constituents. For our case the momentum of the pion neces-
sary to create a ∆ (Σ) off of a nucleon (Lambda) is ∼ 300
MeV (∼ 260 MeV). Weak binding implies that the quantum
mechanical wave functions for the relative position of the two
components is dominated by regions where they are far apart.
In the limit where the strength of the interaction is tuned so
that the energy goes to zero while the range of the interac-
tion is held fixed, the RMS separation goes to 1√
4Bµ
where
B is the binding energy and µ the reduced mass. Thus as the
binding energy approaches zero, the typical separation of the
constituents diverges as B−1/2. In fact, 1√
4Bµ
is a conserva-
tive estimate for the size of the state: for ground state wave
functions dominated by nodeless s-waves with at most two
points of inflection for u = rψ (as one has for typical poten-
tials that are repulsive at short distance and attractive at longer
distances), 1√
4Bµ
will always underestimate the RMS size of
the wavefunction. Thus a conservative estimate for Condi-
tion ii) is that pexternal√
4µB
 1. This condition is satisfied rather
well for both the deuteron (pexternal√
4µB
≈ 5 ) and the hypertriton
(pexternal√
4µB
≈ 8) so it is reasonable to approximate scattering
processes off of constituents by the analogous free-space pro-
cess.
Given this approximation, one can determine an upper
bound for the lifetime of the nuclear state. In the context of
the model, the nucleus will be considered annihilated if either
of its constituents is annihilated by being converted to another
hadron, or if the constituents are knocked out in a collision.
Thus the annihilation rates of constituents give a lower bound
to the total annihilation rate of the nucleus. Each constituent j
decays with a rate of 1
τboundj
with the superscript “bound” in-
dicating that the lifetime of the nucleon in the hadron gas may
differ from the lifetime of that same species in free space for
calculable kinematic reasons. The interactions of the pions in
the hadronic gas with nucleons (Lambda baryons) depends on
the velocity distribution of the nucleons (Lambdas) and the
distribution is different for free nucleons (Lambdas) equili-
brated in the gas and those bound in deuterons (hypertritons)
equilibrated in the gas. Thus, the rate of annihilation of the
nucleus is bound by
Anucleus >
∑
j=constituents
nj
τboundj
(13)
From which it follows
τnucleus =
nnucleus
Anucleus
<
1∑
j=constituents
1
τboundj
(14)
where nj is nnucleus times the number of constituents j per
nucleus. Using the logic of kinetic theory, it is straightforward
to show that the rate that nucleons of velocity v are converted
to ∆ is given by
R(v) = C
∫ |φ+(v)|
|φ−(v)|
dp
p2
exp
(
β
√
p2 +m2pi − 1
)
(γpv)
(15)
8where φ(v) are the two roots of
γ
√
φ±(v)2 +m2pi + γvφ±(v)−
√
p20 +m
2
pi = 0(√
p20 +m
2
pi +mN
)2
= m2∆ + p
2
0
where C is a constant containing information about the cross
section as well as constant factors and γ = 1/
√
1− v2. There
is an analogous expression for Λs converting to Σ . The key
point for the parameters relevant for our problem is seen in
Fig. 1: R(v) drops monotonically as v increases from zero
towards unity.
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FIG. 1. The ratio of the rate that nucleons with velocity v absorb
pions to become ∆s to the rate at zero velocity for an equilibrated
pion gas at 156.5 MeV as computed from Eq. (15).
This monotonic decrease of the decay rate with v means
that if the bound nucleons (Lambdas) in the gas have a prob-
ability distribution of speeds that is strictly slower than the
velocity distribution of equilibrated free nucleons (Lambdas)
then the average annihilation rate into ∆ (Σ) per particle will
be larger than for free space provided that the assumption that
the scattering process off weakly bound composites is essen-
tially the same as in free space. This in turn means that the
τboundi is smaller than the limit placed on τi due to pion ab-
sorption where i is a nucleon or Λ. (At a logical level, this
need not imply that τboundi < τi but this is unnecessary for
our purposes). In this context a strictly slower velocity distri-
bution is one that satisfies the condition that
whenever
∫ vbound
0
dxP bound(x) =
∫ vfree
0
dyP free(y)
vbound < vfree
(16)
where P bound(vbound) is the probability distribution for
speeds of the nucleons bound in the nucleus and P free(vfree)
is that in free space. Since the internal motion of the con-
stituents in these weakly bound states are very nonrelativistic,
the velocity distributions of the constituents are essentially the
velocity distributions of the nuclei that contain them. If, as the
model assumes, the velocity distributions for the nuclei and
the nucleons are the standard ideal gas expressions, the veloc-
ity distributions for the nuclei are strictly slower than for the
nucleons which implies the distribution for bound nucleons
(Lambdas) is strictly slower than for free nucleons (Lambdas).
Given Eqs. (11) and (12), this implies that
τboundN < 2.4 fm
τboundΛ < 5.3 fm
(17)
The principal result of this section, Inequality (5), follows
immediately if one inserts Inequality (17) into Inequality (14).
The most significant point about the bound obtained in In-
equality (5) is the small size of the lifetime: for T=156.5 MeV
it is of order one fermi or less. This bound derived from ba-
sic assumptions of the SHM will turn out to be small enough
that it will prove inconsistency with basic assumptions of the
SHM.
One can independently verify that the very small scale ob-
tained as an upper bound for the lifetime of the deuteron equi-
librated at T=156.5 MeV is reasonable by doing a limited ki-
netic theory calculation including only scattering processes in
which pions dissociate deuterons (which includes processes
where ∆s are created and subsequently decay). Such a calcu-
lation will yield an upper bound for τD since it only includes
a subset of process that can destroy a deuteron. A calculation
using empirical inelastic scattering data yields an estimated
upper bound for τD quite similar to the bound in Eq. (5). We
prefer to use the upper bound in Eq. (5) as it does not require
additional empirical input from scattering data. However, a
kinetic theory estimate does indicate that the bound obtained
indirectly is of the scale that one should expect.
IV. YIELDS OF WEAKLY-BOUND LIGHT NUCLEI AND
THE SELF-CONSISTENCY OF THE STATISTICAL
HADRONIZATION MODEL
This section discusses whether the chemical equilibration
of deuterons and hypertritons in the putative hadronic gas at
156.5 MeV is consistent with the assumptions underlying the
SHM outlined in Sec.II. We find large violations of these as-
sumptions. In particular we find compelling evidence that In-
equality (4) is badly violated for both D and 3ΛH. This rules
out the possibility that the yields of these nuclei are due to a
chemical freeze-out of a nearly ideal gas of these particles at
T = 156.5 MeV.
Tests of Inequality (4) depend on a knowledge of τ int inelD
and τ int inel3
ΛH
, the duration of the processes that produce or de-
stroy a deuteron and hypertriton, respectively. We have a reli-
able and extremely conservative method based on causality to
obtain upper bounds on τ int inelD and τ
int inel
3
ΛH
. The basic idea is
that whatever process is reasonable for creating a self-bound
object that is static in its own rest frame must be long enough
for the various parts of the object to be causally connected
with each other given the fact that no information travels faster
than the speed of light. For nucleus i, this sets Riγi as a lower
bound for τ int ineli whereRi is the characteristic size of the nu-
cleus in its rest frame and γi = imini is a time-dilation factor
accounting for the fact that the nucleus is moving. (These γ
factors are close to unity since the mass of the nuclei is much
9larger than the temperature.) We can reasonably take Ri to be
the rms separation of the constituents making up the state as a
conservative estimate for the size—it is conservative as it does
not include the size of the constituents themselves. Moreover
in the previous section we noted that for the weakly bound
systems considered here, 1√
4Biµi
(whereBi is the binding en-
ergy and µi is the reduced mass of the two constituents in the
nonrelativistic system) is a conservative estimate for Ri.
Thus it follows that for weakly bound nuclei describable as
two-component bound states
mini
i
√
4Biµi
 τ int ineli . (18)
That the left-hand side is much smaller than the right-hand
side reflects the extremely conservative nature of a constraint
due to causality. τ int ineli would only be as small as
1√
4Biµi
/γ
if the state were assembled at the speed of light. However,
weakly-bound states are highly nonrelativistic and the natu-
ral speeds with which the constituents arrange themselves is
much less than c. Combining Inequalities (18) and (4) implies
that in order for weakly bound nuclei to form a nearly ideal
gas in equilibrium with the hadrons in the gas (as assumed by
the SHM) the following condition needs to be satisfied:
mini
i
√
4Biµi
 τ int ineli 
τi
2
. (19)
For a gas at T = 156.5 MeV, the chemical freeze-out
temperature of the SHM as fitted from LHC data, the con-
straints of Inequality (19) implies that for the SHM to be self-
consistent for deuterons and hypertritons, τ int inelD and τ
int inel
3
ΛH
2.7 fm  τ int inelD  0.6 fm ,
5.4 fm  τ int inel3
ΛH
 0.5 fm , (20)
where the right-hand side of the inequality comes from the
analysis of Sect. III as given in Inequality (5) and the left-
hand side is obtained from ni and i from Eqs. (1) and (2)
along known hadronic masses.
The obvious point is that Inequalities (20) cannot be satis-
fied for either the deuteron or the hypertriton. In effect, in a
putative equilibrated hadron gas a would-be deuteron (hyper-
triton) would be destroyed before it could be fully created; an
equilibrated nearly ideal gas containing deuterons and hyper-
tritons simply cannot form. The underlying reason is that the
pions are sufficiently dense in such a medium that they will
convert nucleons into ∆s, destroying the would-be deuteron
more rapidly than the deuteron could be assembled (or even
have its physical configuration in causal contact). Clearly
this indicates that at least as far as the weakly-bound nu-
clei are concerned the assumptions underlying the statistical
hadronization model are not consistent with the temperature
extracted with the SHM from the LHC data.
It is worth noting that the inconsistency in the assumptions
of the SHM for weakly-bound nuclei is almost certainly much
worse than indicated by Inequalities (20), which are based
on numerous conservative assumptions. These assumptions
render the left-hand sides of Inequalities (20) larger than the
values quoted and simultaneously render the right-hand sides
smaller. Both of these act to worsen the inconsistencies.
For example, we took the size of the state R to be 1/
√
4Bµ
which both neglected the size of the nucleon in the size of the
nucleus and the effect of the short-range potential increasing
the rms separation; using a realistic phenomenological poten-
tial would increase the left-hand side of the deuteron expres-
sion by something like 25%. We used the more conservative
estimate in order to reduce model dependence. More signif-
icantly, the causality bound is extremely conservative. It as-
sumes that the nuclear state forms at the speed of light. How-
ever, weakly-bound nuclear states when viewed as a compos-
ite of nucleons are nonrelativistic—the characteristic momen-
tum in their wave functions is given by
√
µB. Thus it is nat-
ural to assume that these constituents assemble with a speed
of order
√
B/µ. If one accepts this assumption, the incon-
sistency from Inequality (20) worsens significantly: the left-
hand of the inequality increases by something on the scale of
an order of magnitude for the deuteron and two orders of mag-
nitude for the hypertriton.
The right-hand side also contains numerous conservative
estimates. For example, the bound on the lifetime of the
deuteron came from a bound on the rate at which the nucleons
in it were converted into ∆s via collisions with pions, which
in turn was obtained via detailed balance by a bound on the
rate of ∆ annihilation from spontaneous decays. Every step
in that chain neglects things that act to shorten the lifetime.
We neglected ∆ decays induced by collisions; we neglected
processes in which nucleons were converted to baryons other
than ∆s; we neglected processes in which the pions break up
the deuteron into two nucleons while leaving the nucleons in-
tact; and we neglected processes in which the deuteron was
broken up by collisions with hadrons other than pions. There
is evidence, for example, that the interaction of the deuteron
or hypertriton with nucleons and antinucleons in the putative
gas is too significant to neglect at T = 156.5 MeV: at any
given time, a nucleon in the deuteron or hypertriton is typi-
cally interacting with at least one nucleon or antinucleon in
the gas with an interaction energy greater than its binding en-
ergy. Moreover it is straightforward to see that at any given
moment, the weakly bound nuclei have numerous hadrons in-
side of them: their volume (which be may estimated conser-
vatively as (4µB)−3/2) is much larger than the inverse of the
density of hadrons. At an intuitive level this makes it very hard
to argue that these nuclei are isolated objects in the medium
as the model assumes.
We will not pursue in any detail the various avenues to de-
termine the extent to which the inconsistency in the assump-
tions of the SHM for the weakly-bound nuclei is worse than
indicated in Inequalities (20). Doing so requires analysis that
is at least somewhat model dependent. In contrast, the analy-
sis required to obtain Inequalities (20) required only informa-
tion used as inputs to the SHM such as masses and branch-
ing ratios, an output from SHM (the temperature at chemical
freeze-out), well-established single hadron properties such as
resonance lifetimes, plus the very reasonable assumption that
the nuclei were sufficiently weakly bound that pion scatter-
ing process off of the constituents were well-approximated by
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their free-space values.
In any case, it is unnecessary to document how much worse
the inconsistency is compared to Inequalities (20): As they
stand, these inequalities are sufficient to show that the weakly-
bound nuclei cannot form a nearly ideal gas in equilibrium
with hadrons at or above the chemical freeze-out temperature
Tcf = 156.5 MeV extracted from the SHM.
One can use Inequality (19) to test the consistency at vari-
ous temperatures. For example, at Tcf = 120 MeV, Inequali-
ties (20) would be,
2.8 fm  τ int inelD  1.0 fm ,
5.5 fm  τ int inel3
ΛH
 0.8 fm , (21)
and would still be not satisfied.
V. DISCUSSION
Of course, it has been recognized previously that the weak
binding and large size of the deuteron and hypertriton make
it quite remarkable that their yields can be described by a
chemical freeze-out mechanism as assumed in the statistical
hadronization model [1]. The success of the model in pre-
dicting these yields is notable given an intuitive sense that
the binding and size of these nuclei could be in tension with
the assumptions underlying the model given that the extracted
chemical freeze-out temperature is close to two orders of mag-
nitude greater than the binding energy of the deuteron and ap-
proximately three orders of magnitude greater than the bind-
ing energy of the hypertriton. This paper puts this intuitive
sense into a concrete form: Inequalities (20, 21) show that for
the weakly-bound nuclei, the assumption of chemical freeze-
out from a near-ideal gas made in the SHM cannot be consis-
tent with the output of the model, a freeze-out temperature of
156.5 MeV.
This result raises some major questions about the SHM.
One critical question is whether the yields of the hadrons
(and more tightly bound nuclei) are also due to a mechanism
other than the chemical freeze-out assumed by the SHM. The
question is of importance since, as noted in the introduction,
if one accepts the picture of a chemical freeze-out with the
temperature as given in the model, then one has evidence for
a remarkable physical picture: at sufficiently high energies
the system essentially hadronizes, has all hadronic species
equilibrate and then freezes out chemically before it cools
noticeably below the hadronization temperature. This re-
quires the temperature characterizing an equilibrium thermo-
dynamic quantity—the crossover from a quark-gluon regime
to a hadronic regime—to be very nearly equal to the tempera-
ture set by a non-equilibrium physics fixed by the large-scale
dynamics of the collision: the chemical freeze-out tempera-
ture.
The fact that the yields of the weakly-bound nuclei are
well-described by the model despite them not arising from
chemical freeze-out shows that the mere fact that the model
describes the yields cannot be taken as strong evidence that
a chemical freeze-out occurs. Moreover, the fact that the
model works for two distinct species of weakly-bound nu-
clei that cannot be described via chemical freeze-out mech-
anism makes the issue particularly acute. Of course, it is
logically possible that the yields of the hadrons (and perhaps
more tightly-bound nuclei) are due to chemical freeze-out,
while the yield of one species of weakly-bound nuclei acci-
dentally matches the model prediction due to an entirely unre-
lated mechanism; however, it seems quite implausible for this
to happen accidentally for two species. This makes the possi-
bility that the success of the SHM could be due to a mecha-
nism other than the chemical freeze-out for all species worth
taking seriously.
We note that the SHM is not the only model proposed that
describe the yields of hadrons; coalescence models are based
on radically different assumptions and also do a reasonable
job in explaining the yields of hadrons [26]. The result in this
paper suggests that whatever advantage the SHM has over co-
alescence models in describing yields of light nuclei should be
treated quite cautiously as an argument in favor of the SHM
more generally: at least with regard to the weakly-bound nu-
clei the success of SHM in describing yields cannot be as-
cribed to the mechanism upon which the model is supposed to
be based.
Clearly, a key issue in light of Inequalities (20, 21) is to
understand why the model is able to describe the yields of
the weakly-bound nuclei well despite the inconsistency with
the model assumptions. Reference [1] speculates about the
possibility that at QGP hadronization, compact colorless ob-
jects with the quantum numbers of the weakly-bound nuclei
could be produced that will eventually evolve into the nuclei.
It is argued that if these objects have a lifetime longer than
about 5 fm and an excitation energy of around 40 MeV or less,
they could account for the yields. The 40 MeV excitation en-
ergy means that the mass of this object is close to the nuclear
mass and would give similar yields to what is computed in the
SHM. The compact size and 5 fm lifetime are designed to en-
sure that it would survive in a hadronic phase before the phase
undergoes chemical freeze-out.
Unfortunately such an explanation appears to be untenable.
It is conceivable that in a dense medium the effective interac-
tions between constituents of a bound state are modified by the
medium and that this could lead to objects that are much more
compact than their free-space analogs. It is also conceivable
that if the medium were to become more dilute sufficiently
slowly, such an object might adiabatically evolve into its free-
space analog–in this case a weakly-bound nucleus. However,
by construction, once the system enters the hadronic regime
the interactions are the standard hadronic ones. To the extent
that such an object survives as a single compact state into the
hadronic regime it will not evolve adiabatically into a weakly-
bound nuclear state [40]. Rather, once in the hadronic regime
the compact object can be expressed as a superposition of or-
dinary hadronic states. As the state evolves in time the vari-
ous hadronic components will decohere and the system is left
with various probabilities for obtaining the physical hadronic
states. To the extent that the state is very compact, its overlap
with the nuclear bound state of interest (as opposed to multi-
nucleon scattering states) is very small and thus so is the prob-
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ability that the compact object will evolve into the nucleus of
interest. Thus, if compact objects with the quantum number
of weakly-bound nuclei were to form, the SHM would be ex-
pected to over-predict the yields rather than getting them cor-
rect.
For example, in the hadronic phase a compact object in its
rest frame with the quantum numbers of the deuteron and spin
projection m can be written as a superposition of a deuteron
state with amplitude α and a continuum two-nucleon state
with amplitude β:
|compact object,m 〉 = α|D,m〉+ β|ψcontinuum,m〉
with |α|2 + |β|2 = 1 (22)
|ψcontinuum,m〉 itself contains both s-wave an d-wave contin-
uum contributions
|ψcontinuum,m〉 =
∫
dp
2pi
(f0(p)|p,m〉0 + f2(p)|p,m〉2)
with
∫
dp
2pi
(|f0|2 + |f2(p)|2) = 1
(23)
where |p,m〉0 are the appropriately normalized continuum
scattering states for a proton and a neutron with net angular
momentum 1 and spin projection m whose angular depen-
dence is either L = 0 or L = 2. Note that in principle such
a compact object could contain other components such as pi-
ons, but given the constraint that the total energy is supposed
to be no more than 40 MeV or so above the deuteron such
components are small. Note that an analogous expression for
the hypertriton is more involved: it contains many continuum
channels since it has both a D-Λ continuum and a three-body
continuum with several possible channels.
The important point in the preceding example is that the
probability that the state evolves into a deuteron is PD =
|α|2 = |〈D,m|compact object,m 〉|2. The quantum state for
a compact object has to be much different from that of the
deuteron—otherwise it would not be compact and the mecha-
nism would fail. Thus one expects for the mechanism to work
|〈D,m|compact object,m 〉|2  1 and the deuteron yields
to be much less than predicted by the model and similarly for
the hypertriton yields. Indeed for the hypertriton the overlap
should be exceptionally small since the hypertriton state is so
large.
To conclude, the analysis in this paper shows conclusively
that the yields of weakly-bound light nuclei are not due to a
chemical freeze-out from an equilibrated nearly ideal hadronic
gas as is assumed in the SHM, despite the fact that the SHM
describes these yields well. At this point it is an open question
as to why the SHM is able to describe these yields. It is also
an open question as whether the yields of hadrons should be
understood to be due to chemical freeze-out or by some other
mechanism.
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